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Both mind bomb (mib) and mind bomb-2 (mib2) encode RING E3 ubiquitin ligases that promote Delta ubiquitylation and endocytosis in Notch
activation. Detailed morphological and molecular examinations revealed that zebrafish mibta52b (missense mutation in the C-terminal RING
Finger (RF), M1013R) and mibm132 (nonsense mutation resulting in a truncated protein that loses all three RFs, C785stop) are strong and weak
antimorphic alleles, respectively, compared to the null allele, mibtfi91 (nonsense mutation resulting in a truncated protein of only 60 amino acids,
Y60stop). Zebrafish mib2 ortholog was identified in this study. Zebrafish Mib and Mib2 are colocalized in transfected cells and function
redundantly in regulating Notch signaling in embryos. Mibta52b and Mibm132 have a dosage-dependent dominant-negative effect, at least, on Mib2,
which is a molecular basis for the antimorphic phenotypes. It was also shown that Notch signaling negatively regulates mib expression in a Su(H)-
dependent manner, forming a negative feedback loop in modulating Notch activation.
© 2007 Elsevier Inc. All rights reserved.Keywords: Mib homologs; mib alleles; Delta; Notch; E3 ligase; EndocytosisIntroduction
The Notch signaling pathway defines an evolutionarily
conserved signal transduction cascade and plays essential roles
in pattern formation and cell fate determination through local
cell interactions (reviewed in Artavanis-Tsakonas et al., 1999;
Pourquié, 2003; Rida et al., 2004). Upon binding of DSL (Delta,
Serrate/Jagged and Lag-2) transmembrane ligands, membrane-
bound Notch is proteolyzed and the active form, NICD (Notch
intracellular domain), is released and translocated into the
nucleus, where it binds and converts CSL (CBF1/RBPjκ, Su(H)
and Lag-1) protein from a transcriptional repressor to an
activator and triggers the expression of targets, such as the Hes/
Her (hairy/Enhancer of split related) family of bHLH transcrip-
tional factors (reviewed in Mumm and Kopan, 2000). Hes/Her
proteins in turn repress expression of proneural genes, such as
neurogenin, that confer neuronal competence and identity (Ma
et al., 1996). Loss of Delta/Notch signaling up-regulates the⁎ Corresponding author. Fax: +65 67791117.
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doi:10.1016/j.ydbio.2007.01.034expression of proneural genes and leads to a neuronal
hyperplasia (Kageyama and Ohtsuka, 1999).
Ubiquitylation is a well-known multifunctional signaling
that regulates many cellular processes, including proteasome-
dependent degradation and non-proteolytic events such as
intracellular trafficking, kinase activation, and transcription
regulation (Pickart, 2001). Substrate is ubiquitylated through
three sequential enzymatic steps: a ubiquitin-activating enzyme
(E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin
ligase (E3). Substrates can be polyubiquitylation or mono-
ubiquitylation, which determines the tagging outcome (Hicke,
2001). The E3 ligases contain a wide range of substrate-binding
domains, which provide the substrate specificity, linking to
catalytic domains, such as RING Finger (RF) domain, which is
required for both autoubiquitylation and substrate ubiquityla-
tion (Weissman, 2001). The RING E3 ligases with mutation or
deletion in RF domain lose the E3 ligase activity and function as
dominant-negatives (Deblandre et al., 2001; Hu and Fearon,
1999; Bisson et al., 2002).
The study of conditional mutations in Drosophila protea-
some subunits first demonstrated the involvement of ubiqui-
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components of Notch signaling pathway have been found to
be substrates of E3 ubiquitin ligases (Juven-Gershon et al.,
1998; Susini et al., 2001; Nie et al., 2002; Qiu et al., 2000;
Wu et al., 2001; Jehn et al., 2002). The first indication that
endocytosis plays an essential role in Notch signaling was the
identification of a Drosophila neurogenic mutant, shibire,
which encodes Dynamin required for pinching off endocytic
vesicles from the plasma membrane (Poodry, 1990; Van der
Bliek and Meyerowitz, 1991; Chen et al., 1991; Seugnet et
al., 1997). Endocytosis of Notch receptor is required in
regulating the cleavage of Notch or targeting Notch for
endosomal degradation (Gupta-Rossi et al., 2004; Sakata et
al., 2004; Wilkin et al., 2004). The transendocytosis of the
NECD (Notch extracellular domain) bound to Delta into the
Delta-expressing cells is required in dissociation and activa-
tion of the Notch receptor (Parks et al., 2000). Three E3
ligases, Neuralized (Neur, originally characterized in Droso-
phila), Mind bomb (Mib, originally characterized in the
zebrafish) and a Mib homolog, Mind bomb-2 (Mib2,
originally characterized in mouse and together with its
human ortholog also known as Skeletrophin) complementarily
function in targeting Delta and Serrate/Jagged for endocytosis
that is essential for Notch activation (Koo et al., 2005;
Takeuchi et al., 2005; Lai et al., 2001; Deblandre et al., 2001;
Pavlopoulos et al., 2001; Itoh et al., 2003; Chen and Corliss,
2004; Le Borgne et al., 2005b; Lai et al., 2005; Wang and
Struhl, 2005; Pitsouli and Delidakis, 2005).
Mib-mediated ubiquitylation facilitates internalization of
cell surface Delta in signal-sending cell and effectively
promotes Notch activation in signal-receiving cells (reviewed
in Le Borgne et al., 2005a; Chitnis, 2006). In zebrafish mib
mutants, a failure of lateral inhibition due to compromised
Notch signaling results in premature differentiation of neural
progenitors and permits neuron mass-production. The Mib
protein has several structure domains: mib/herc2 domain, zz
zinc finger domain, and Mib repeat in the N-terminus,
ankyrin repeats in the middle, and three RFs in the C-
terminus. Sequencing of mib cDNAs from the five zebrafish
mutant alleles revealed mutations leading to two missense
mutations in the C-terminal-most RF: mibta52b (M1013R),
mibtfi101 (C1009S), and three premature stop codons: 5′ to the
three RF domains in mibm132 (C785stop), 5′ to the ankyrin
repeats in mibm178 (G412stop), and close to the N-terminus in
mibtfi91 (Y60stop) (Itoh et al., 2003).
Our study revealed that mibta52b and mibm132 are anti-
morphic (stronger than the null phenotype) alleles. We have also
cloned zebrafish mib2 ortholog, which has similar expression
pattern to zebrafish mib. Both are maternally inherited and
ubiquitously expressed throughout early embryogenesis albeit
at a lower level in the case of mib2. Zebrafish Mib and Mib2
have similar structure motifs and they function redundantly. Our
data first demonstrated that Mibta52b and Mibm132 behave as
dominant-negative proteins, causing the antimorphic pheno-
types probably by interfering with Mib2. In addition, mib
expression is negatively regulated by Notch signaling, creating
a negative feedback loop.Materials and methods
Fish maintenance
Fish were raised and staged as described (Kimmel et al., 1995). For 22 °C
experiments, embryos were incubated at 28.5 °C until about shield stage before
moved to 22 °C.
mib2 cloning
RT-PCR was carried out with primers corresponding to conserved regions
(Supplementary Fig. 2B), using total RNA from 24hpf embryo as a template. 5′
and 3′ RACE was then used to obtain the full-length mib2 (previously called
mind bomb-like, mibL) cDNA (GenBank accession no. AY435215). Droso-
phila CG17492, Fugu mib2 (Supplementary Materials and methods), mouse
(GenBank accession no. AB072336), and human (GenBank accession no.
AB074480) skeletrophin were used for sequence comparison.
Whole-mount in situ hybridization (WISH) and RT-PCR analysis
RNA probes (Roche) were generated from pCS2-mib2-N (162 bp–1527 bp)
and pCS2-mib-N (1 bp–1386 bp) or plasmids previously published: dct (Kelsh
et al., 2000), huC (Kim et al., 1996), islet-1 (Korzh et al., 1993), deltaC
(Smithers et al., 2000), ngn1 (Blader et al., 1997), dbx1a (Fjose et al., 1994),
and her4 (Takke et al., 1999). Single and double fluorescent in situ hybridization
were performed as described (Qiu et al., 2004; Jülich et al., 2005; Ma and Jiang,
2007). RT-PCR analysis of mib2 and cyclin-b was carried out by using total
RNA from zebrafish embryo of different stages as templates (primer sequences
see Supplementary Materials and methods).
mRNA and morpholino (MO) antisense oligonucleotide injection
pCS2-mib, -mib(m132), -mib(ta52b), -mib2, and X-Su(H)/Ank (Wettstein et
al., 1997) were linearized and transcribed with the mMessage mMachine Kit
(Ambion). MOs (GeneTools) were re-suspended in 1× Danieux solution and
stored at −20 °C (sequences see Supplementary Materials and methods). 300 pg
mib, mib(m132), mib(ta52b), mib2, or 100 pg X-Su(H)/Ank mRNA plus 20 pg
GFPmRNA or 4–100 ngMO plus 1:50 dilution dextran (3%,Molecular Probes)
was injected into one- or two-cell stage embryos.
Immunocytochemistry
COS7 cells were transiently transfected with pCS2-FLAG-mib and pCS2-
MT-mib2 using DOTAP Liposomal transfection reagent (Roche). After 24 h
transfection, cells were fixed in 4% paraformaldehyde for 10 min at room
temperature. Fixed cells were permeabilized with 0.2% Triton X-100 in PBS for
10 min and then blocked in blocking solution (10% normal goat serum in PBS)
for 1 h. The cells were sequentially treated with primary and secondary
antibodies diluted in blocking solution for 1 h each at room temperature. The
primary antibodies were mouse anti-Flag and rabbit anti-Myc. The secondary
antibody was Alexa 488-goat anti-mouse antibody and Alexa 568-goat anti-
rabbit antibody. Cells on coverslips were mounted on glass slides and visualized
under a Zeiss LM-510 confocal laser scanning microscope.Results
mib alleles show different genetic severity:
mibta52b≫mibm132≥mibtfi91
No systematic phenotypic comparison of mib alleles has been
documented. To fill this gap, we checked three alleles: mibta52b
(M1013R), mibm132 (C785stop), and mibtfi91 (Y60stop). mibta52b
mutants showed the most severe somite phenotype: at 22-somite
stage (ss), the anterior 10–12 somites were normal and chevron-
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either 28.5 °C or 22 °C (Jiang et al., 1996; Fig. 1Ab). In
contrast, mibm132 and mibtfi91 mutants exhibited no obvious
somite defects at 28.5 °C up to about 22ss. They, however,
showed a detectable somite phenotype at 22 °C: at 22ss,
mibm132 and mibtfi91 mutants had about 14–17 and 15–18 re-
cognizable anterior somites, respectively (Figs. 1Ad–e, Table
1). In all cases, the cycling deltaC expression was desynchro-
nized in mutants showing somite defects (Jiang et al., 2000;
data not shown).
At 3 days post-fertilization (dpf), mibta52b mutants displayed
a “white tail” phenotype: almost no melanophores in the
posterior trunk and tail (Jiang et al., 1996, Fig. 1Bb). This
phenotype was moderate in mibm132 mutants with defects
restricted to posterior ventral tail and almost normal in mibtfi91
ones (Figs. 1Bd–e). This phenotypic trend was also demon-
strated by examining the dct expression, a melanoblast marker
(data not shown). Interestingly, like the somite phenotype, the
melanophore phenotype was cold-sensitive and enhanced when
raised at 22 °C except for mibta52b embryos (Table 1). However,
the xanthophores and iridophores appeared to be absent in theFig. 1. Phenotypic severity of different mib mutants. (A) mib somite phenotype at 22s
the phenotypic grouping and mutant description of different genotypes. (B) 3dpf tail a
of deltaC hindbrain reticulospinal neurons at 10ss. (D) Lateral view of midline phen
green arrows) in mibm132 and mibta52b mutants and elongated cells in mibtfi91 mutants
mark the boundaries of hypochord cells). mib floor-plate cells are less tightly packed
are often dorsally displaced in mibta52b mutants. (E) WISH analysis of mibmutants by
tail region around cloaca, both lateral view. All are head to the left, except head totrunk and tail in all three mutants (Cornell and Eisen, 2002; data
not shown). Around day three, they all showed hemorrhage,
usually in the brain regions and sometimes also in the tail. In
addition, all three mutants had a curly-up tail (Figs. 1Bb, Bd–e).
We noticed that sometimes the somite and melanophore
phenotypes in mibm132 mutants look like those of mibtfi91
(Table 1), suggesting that the mibm132 phenotype is sensitive to
genetic background. The brain ventricle and otic vesicle also
showed a similar phenotypic trend (Jiang et al., 1996; Schier et
al., 1996; Haddon et al., 1998, data not shown).
Three neuronal markers were used to examine neurogenic
phenotypes. mibta52b mutants exhibited the strongest neuro-
genic phenotypes. The mibm132 and mibtfi91 phenotypes were
weaker and severity differences between these mutants were not
always obvious, such as huC at 10ss (Supplementary Fig. 1Ae);
sometimes phenotypes in mibm132 mutant were slightly more
severe than those in mibtfi91 mutants, such as deltaC at 10ss
(Fig. 1C) and islet-1 at 20ss (Supplementary Fig. 1B).
Since Notch signaling mediates midline cell fate specification
(Latimer et al., 2002; Jülich et al., 2005), we checked col2a1
expression and found that both floor plate and hypochord ares. Somite 10 and last discernible somite are marked. See the text and Table 1 for
nd pigment phenotypes. Arrowheads mark the hemorrhage sites. (C) Dorsal view
otypes demonstrated by col2a1 expression at 30hpf. Obvious gaps (marked by
can be seen in hypochord, indicating a reduction in cell number (red arrowheads
and appear to be round and larger (insert in panel d) than in wt embryos and they
her4 at 22hpf, (a–e) head region, dorsal view; (a′–e′) trunk region; and (a″–e″)
the top in panel A.
Table 1
Phenotypic comparison among different mib alleles and transheterozygotes
Group Genotypes Phenotypes
Morphology WISH ⁎
I mibta52b/mibta52b 22ss somite number: 22 °C, 10–12a somites seen;
28.5 °C, 10–12 somites seen
10ss, huC ¶: increased ++++ ^;
22hpf, her4: decreased ++++
3dpf tail melanophore: 22 °C, white tail, decreased ++++;
28.5 °C, white tail, decreased ++++
II mibta52b♀/mibm132♂,
mibta52b♀/mibtfi91♂
22ss somite number: 22 °C, ∼11–14b somites seen;
28.5 °C, ∼13–17c somites seen.
10ss, huC: increased +++;
22hpf, her4: decreased +++
3dpf tail melanophore: 22 °C, decreased +++
28.5 °C, decreased ++ to +++
III mibta52b♂/mibm132♀,
mibta52b♂/mibtfi91♀,
mibm132/mibm132†
22ss somite number: 22 °C, ∼14–17d somites seen;
28.5 °C, ∼17–20e somites seen
10ss, huC: increased +++,
22hpf, her4: decreased +++
3dpf tail melanophore: 22 °C, decreased ++ to +++
28.5 °C, decreased ++
IV mibm132/mibm132 †,
mibtfi91/mibtfi91,
mibm132♀/mibtfi91♂,
mibm132♂/mibtfi91♀
22ss somite number: 22 °C, ∼15–18f somites seen;
28.5 °C, ∼22 somites seen
10ss, huC: increased ++ to +++
22hpf, her4: decreased ++
3dpf tail melanophore: 22 °C, decreased + to ++
28.5 °C, decreased +
a10.7±1.0 (n=19 from 2 clutches); b12.3±1.0 (n=39 from 4 clutches); c14.9±1.9 (n=42 from 6 clutches); d15.9±1.5 (n=60 from 6 clutches); e18.9±1.1 (n=64 from
6 clutches); f16.2±1.8 (n=77 from 6 clutches).
⁎ Except otherwise stated, all the embryos are kept at 28.5 °C.
¶ The changes of huC expression level are indistinguishable between mutants of the same genotype kept at 22 °C and 28.5 °C.
^ Plus sign stands for the severity of the phenotypes: the more the number, the more severe the phenotype is.
† mibm132 mutants are more variable. The phenotypes, however, are relatively consistent within clutches. When mibm132 mutants show the Group III morphological
phenotypes, the gene expression level by WISH is still similar to that of Group IV embryos.
17C. Zhang et al. / Developmental Biology 305 (2007) 14–27affected, with the mibta52b most severely altered, followed by
mibm132 and then mibtfi91 (Fig. 1D). Notch activation leads to
her4 expression (Takke et al., 1999). Thus, her4 can be used as
an indication of Notch activity in the brain and neural tube. her4
expression level was decreased with ascending genetic severity
(Fig. 1E). Another target gene, her1 (Takke and Campos-Ortega,
1999), which is cyclically expressed in the presomitic mesoderm
(PSM) and indispensable for somite segmentation (Holley et al.,
2002; Oates and Ho, 2002; Henry et al., 2002; Gajewski et al.,
2003), did not cycle any more, and its expression level was
decreased (Supplementary Fig. 1C). To summarize, the analyses
exhibit a difference in genetic severity in the following order:
mibta52b≫mibm132≥mibtfi91.Table 2
Summary of the morpholino (MO) injection data (all MOs were co-injected with 0.
Genotype of
injected
embryos
Concentration of
mRNA or
morpholino (ng)
No. of embr
10ss-huC 10ss-deltaC 20
wild-type/ta52b 4 ng mib-MO-m1 wt nc nc nc
ta52b nc nc nc
wild-type/ta52b 75 ng mib-MO-m2 wt 28/129 wt-like 27/78 ↑ 59
ta52b 101/129 Gr IV-like 28/30 ↓ 19
wild-type/m132 75 ng mib-MO-m2 wt nc nc nc
m132 nc nc nc
wild-type/tfi91 15 ng mib2-MO-m3 wt NDC NDC ND
tfi91 NDC NDC 57
wild-type/tfi91 15 ng mib2-MO-m4 wt NDC NDC ND
tfi91 NDC NDC 55
Note. NDC indicates “no detected change” after injection; nc indicates “not check
respectively. mib morpholino-m2 injection into tfi91 embryos and mib2 morpholino
markers. Higher MO concentrations were toxic (mib-MO-m1>6 ng; mib2-MO-m3>mibta52b and mibm132 are antimorphic alleles
mibtfi91 is a null allele, based on the molecular identification
(Itoh et al., 2003), phenotypic, and gene expression comparison
with a known mib null allele, mibhi904 (Chen and Corliss, 2004;
data not shown) and gene knock-down (see below). We further
checked the somite and melanophore phenotypes of transheter-
ozygotes from reciprocal crosses. Based on phenotype severity,
different mib mutants were classified into four groups (Gr), with
Gr I having the strongest genetic severity, followed byGr II, Gr III
and then the weakest Gr IV (Table 1). mibta52b/mibta52b mutants
have the most severe phenotypes and form the Gr I (Figs. 1Ab,
Bb). mibta52b♀/mibm132♂ and mibta52b♀/mibtfi91♂ have less06% dextran)
yos with indicated changes by diverse markers
ss-islet1 22hpf-her4 3dpf-tail pigment
77/304 ↓ NDC
49/104 ↑ 102/172 (59.3%) Gr III-like, 0/172 (0.0%) Gr IV-like
/65 ↑ 28/51 ↓ NDC
/19 ↓ 18/18 ↑ 130/191 (68.1%) Gr III-like, 50/191 (26.2%) Gr IV-like
33/76 ↓ NDC
12/24 ↑ 27/63 (42.9%) Gr IV-like
C 291/493 ↓ NDC
/125↑ 80/168 ↓ 95/609 (15.6%) Gr I-like, 191/609 (31.4%) Gr III-like
C 89/189 ↓ NDC
/98 ↑ 28/60 ↓ 125/268 (46.6%) Gr I-like, 100/268 (37.3%) Gr III-like
ed”. ↑ and ↓ indicate increased or decreased expression level after injection,
-m5, -m6 injection into tfi91 embryos result in no change by examining above
20 ng: mib2-MO-m4>20 ng), therefore, non-toxic dosages were used.
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mibm132♀ and mibta52b♂/mibtfi91♀ form the Gr III (Figs. 1Ad,
Bd), which have phenotypes weaker than Gr II but stronger than
Gr IV. Mutants of mibm132♀/mibtfi91♂ and mibm132♂/mibtfi91♀
have a phenotype similar to those of mibm132/mibm132 (when
phenotypes are weaker) and mibtfi91/mibtfi91 and all four form the
Gr IV (Figs. 1Ae, Be). The fact that the phenotype observed in Gr
II mutants is stronger than that in Gr III suggests thatmibta52b has
a dominant maternal effect, which is consistent with the finding
that mib is maternally expressed (Itoh et al., 2003). We also
checked huC and her4 expression and the results showed a similar
genetic trend (Supplementary Fig. 1A, Fig. 1E, Table 1). TheseFig. 2. The mibta52b and mibm132 antimorphic phenotypes are caused by Mibta52b a
mibta52b) embryos probed with (A) deltaC at 10ss, dorsal view; (B) huC at 10ss, dors
region, lateral view. (D–F) 3dpf tail pigment phenotype in panel D (a) control mib
embryos and (F) (a) control mibm132 or (b) mib-m2-injected mibm132 embryos. All
mibm132 embryos, (a–b) head region, dorsal view and (a′–b′) trunk region, lateral vdata demonstrate that mibm132 is a weak antimorphic allele and
mibta52b is a strong one.
Mibta52b and Mibm132 are responsible for the antimorphic
phenotypes
To confirm thatmibtfi91 is a null allele and that the antimorphic
phenotypes seen in mibm132 and mibta52b mutants are due solely
to the previously described mutations in mib locus, we employed
antisense morpholino (MO) oligonucleotides to knock down Mib
protein translation. TwoMOs were used to targetmib. The somite
and tail curvature phenotypes were not altered in MO-injectednd Mibm132 proteins, respectively. (A–C) Control (or mib-m2-injected) wt (or
al view, and (C) her4 at 22hpf, (a–d) head region, dorsal view and (a′–d′) trunk
ta52b or (b, c) mib-m2-injected mibta52b embryos, (E) mib-m1-injected mibta52b
are lateral views. (G) her4 expression at 22hpf in control or mib-m2-injected
iew. All are head to the left.
Fig. 3. Gene comparison, expression and colocalization of Mib2 and Mib. (A) Comparison of Mib2 proteins. The percentage of amino acid identity of different
domains of Mib2 from different species (z: zebrafish; F: Fugu; h: human; m: mouse; D: Drosophila) and zMib compared to those of zMib2 is given. (B) RT-PCR
analysis of mib2 expression. cyclin b mRNA is amplified as a control. mib2, like mib, is ubiquitously expressed. (C) Mib and Mib2 are colocalized in COS7 cells.
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(Table 2). mib-m1- and mib-m2-injected embryos – wild-type
(wt) siblings, mibm132 and mibta52b ones alike – all exhibited a
neurogenic phenotype similar to that ofmibtfi91mutants (compare
Fig. 2Bc with Supplementary Fig. 1Ae; Figs. 2Cb′, Cd′ and Gb′
with 1Ee′). Furthermore, m2-injected mibtfi91 embryos showed
no detectable difference from uninjected mibtfi91 ones (Table 2),
indicating that mibtfi91 is a null allele. MO-m2 has a higher
efficacy, we thus focus on the analysis in m2-injected embryos.Fig. 4. mib2 knock-down in mibtfi91 embryos phenocopies mibta52b and mibm132. (A)
and (c–c″) mib2 mRNA-injected mibta52b embryos at 22hpf; (a–c) head region, dors
view. (B) 3dpf tail pigmentation of (a) control mibta52b and (b) mib mRNA-injected m
injected mibtfi91 embryos. (C) islet-1 expression at 20ss, dorsal view; (D) her4 expres
and (E) 3dpf tail pigmentation, lateral view.For deltaC at 10ss, where the mibta52b mutants can be
distinguished by a disruption of deltaC cycling expression in
the PSM (Jiang et al., 2000), there is no difference in hindbrain
neurons between m2-injected wt and m2-injected mibta52b
embryos (Fig. 2A). For huC at 10ss, the m2-injected embryos
showed a neurogenic phenotype with severity between unin-
jected wt siblings and uninjected mibta52b embryos (Fig. 2B,
Table 2). her4 expression level was up-regulated in m2-injected
mibta52b embryos to a level comparable to that seen in m2-her4 expression in (a–a″) control mibta52b, (b–b″) mib mRNA-injected mibta52b,
al view; (a′–c′) trunk region, and (a″–c″) tail region around cloaca, both lateral
ibta52b embryos, lateral view. (C–E) Phenotypic analysis in control or mib2-m3-
sion at 22hpf; (a–d) head region, dorsal view; (a′–d′) trunk region, lateral view
Table 3
Summary of the mRNA injection data (all mRNA were co-injected with 20 pg GFP mRNA)
Genotype of
injected
embryos
Concentration of mRNA No. of embryos with indicated changes by different markers
10ss-huC 22hpf-her4 22ss somite phenotype 3dpf-tail
(28.5 °C) Curly-up tail White tail
ta52b 300 pg mib mRNA NDC 49/83 ↑ 9/29 (31.0%)¶ NDC 9/29 (31.0%)¶
ta52b 300 pg mib2 mRNA NDC 41/96 ↑ NDC NDC NDC
wild-type 300 pg mib(m132) mRNA 5/50 ↑ NDC 5/73 (6.8%) 14/73 (19.2%) NDC
Mainly in head region
wild-type 300 pg mib(ta52b) mRNA NDC NDC 4/88 (4.5%) 11/88 (12.5%) NDC
wild-type/tfi91 300 pg mib(m132) mRNA 9/115 (7.8%) Gr IV-like 9/203 (4.4%) Gr IV-like 135/346 (39.0%) 216/346 (62.4%) 124/346 (35.8%)
39/115 (34.0%) Gr I-like 59/203 (29.1%) Gr II-like
wild-type/tfi91 300 pg mib(ta52b) mRNA 10/80 (12.5%) Gr IV-like 1/91 (1.1%) Gr IV-like 46/165 (27.9%) 89/165 (53.9%) 44/165 (26.7%)
17/80 (21.3%) Gr I-like 25/91 (27.5%) Gr I-like
Note. NDC indicates “no detected change” after injection. ↑ and ↓ indicate increased or decreased expression level after injection, respectively. mib or mib2 mRNA
injection into wild type/mibtfi91 embryos results in no difference by examining all above markers.
¶9 out of 122 injected embryos show the somite phenotype at 22ss; at 3dpf, while 20 out of remaining 113 show curly-up tail, the early-identified 9 embryos with
somite phenotype all show white and curly-up tail. We retrospectively infer that the 29 embryos with curly-up tail are genotypically mibta52b homozygotes and the 20
embryos out of 29 with normal somite and curly-up but not white tail are rescued mibta52b homozygotes.
20 C. Zhang et al. / Developmental Biology 305 (2007) 14–27injected wt embryos (Fig. 2C). The 3dpf tail pigment phenotype
was less severe and similar to the embryos of Gr III and Gr IV
(Figs. 2D–E, Table 2). We also examined m2-injected mibm132
mutants (the ones with a phenotype stronger than that of
mibtfi91) and obtained a similar scenario (Figs. 2F–G, Table 2).
These results undoubtedly indicate that mibtfi91 is a null allele
and mibm132 and mibta52b are antimorphic alleles whose
phenotypes are caused by the aberrant Mibm132 and Mibta52b
proteins, respectively.
The cloning of zebrafish mib2
What is the mechanism that leads to the antimorphic mibta52b
and mibm132 phenotypes? We reasoned that Mibta52b and
Mibm132 may affect the phenotypic severity by interfering
with or inactivating Mib homologs. Predicted proteins from
Drosophila CG17492, human skeletrophin, and mouse skele-
trophin (or mib2) have been shown to contain the same domain
structure as that of mib (Itoh et al., 2003). Indeed, mouse mib2
has been identified and shown to be an E3 ligase for Delta (Koo
et al., 2005). With the additional help from Fugu genome
(Supplementary Materials and methods), we identified the
corresponding zebrafish mib2.
mib2 encodes a predicted protein (Mib2) of 999 amino
acids with the same structure domain and arrangement as Mib
except for two RF domains (Fig. 3A, Supplementary Fig.
2A). Zebrafish Mib2 is evolutionarily conserved across
species: 81% (86%), 61% (75%), 55% (68%), and 45%Fig. 5. Mibm132 and Mibta52b behave dominant-negatively. (A) Somite phenotype at 22
mRNA-injected wt embryos; (d) mib(m132) mRNA-injected and (e) mib(ta52b) m
pigmentation phenotypes of (a) control wt embryos; (b) controlmibtfi91 embryos; (c) ty
(ta52b)-injected wt embryos; (e) type I, (e′) type II, and (e″) type IIImib(m132)-inject
III mib(ta52b)-injected embryos from incrosses of mibtfi91 carriers. Note that type I:
curly-up tail and normal tail pigment; and type III: abnormal somite, curly-up white ta
see Table 3). (C) huC expression at 10ss in dorsal view of (a) control wt embryos, (b) c
injected and (e) mib(ta52b)-injected embryos from incrosses of mibtfi91 carriers. (D) h
embryos; (c–c″) mib(m132)-injected and (d–d″) mib(ta52b)-injected embryos from i
and (a″–d″) tail region around cloaca, both lateral view.(61%) amino acid identity (similarity) to its counterparts in
Fugu, human, mouse, and Drosophila, respectively (Fig.
3A). Like mib, mib2 is maternally provided and ubiquitously
expressed throughout early embryogenesis albeit at a lower
level (Fig. 3B). Consistent with our recent data showing that
Mib and Mib2 can form homo- and hetero-oligomers by co-
immunopricipitation (Zhang et al., 2007), it was also observed
that both Mib and Mib2 are largely colocalized in vesicles of
the cotransfected COS7 cells, indicating that Mib and Mib2
can interact with each other (Fig. 3C).
Mib2 depletion in mibtfi91 mutants phenocopies mibm132 or
mibta52b
The identification of mib2 suggests that it can be a target in
mibm132 and mibta52b mutants causing antimorphic phenotypes.
We first checked whether injection of mib mRNA can rescue
mibta52b phenotype. Indeed, the phenotypes were rescued,
though partially: her4 expression was increased (Figs. 4Ab,
Ab″), somite boundaries restored, and tail pigment recovered
(Fig. 4B, Table 3). mib2 mRNA also partially rescued mibta52b
embryos at a lower efficacy (Figs. 4Ac, Ac″, Table 3), implying
that Mib and Mib2 have a comparable biological function in
embryos and/or that mibta52b phenotypes are partially generated
by antagonizing Mib2. If Mibta52b and Mibm132 can bind and
inactivate Mib2, behaving as dominant-negatives, injection of
mib2-MO into null mibtfi91 mutants should produce mibm132-
or mibta52b-like phenotypes. Like mib-MOs, the injection ofss of (a) control wt embryos, (b)mib(m132)mRNA-injected, and (c)mib(ta52b)
RNA-injected embryos from incrosses of mibtfi91 carriers. (B) 3dpf tail and
pe I and (c′) type IImib(m132)-injected wt embryos; (d) type I and (d′) type IImib
ed embryos from incrosses ofmibtfi91 carriers; (f ) type I, (f ′) type II, and (f″) type
normal somite, curly-up tail and normal tail pigment; type II: abnormal somite,
il. The numbers in the right upper corner indicate the frequency of each type (also
ontrolmibtfi91 embryos, and (c)mib(m132)-injected wt embryos; (d)mib(m132)-
er4 expression at 22hpf of (a–a″) control wt embryos and (b–b″) control mibtfi91
ncrosses of mibtfi91 carriers; (a–d) head region, dorsal view; (a′–d′) trunk region
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phenotypes. As predicted, injection of mib2-m3 and mib2-m4
into mibtfi91 mutants led to phenotypes as those of mibm132 or
mibta52b: islet-1expression was increased (Fig. 4C), her4
expression was down-regulated (Fig. 4D, Table 2), and
melanophores were reduced (Fig. 4E). Injection of control
mib2-m5 and mib2-m6 had no effect (Table 2). These data show
that functions of Mib and Mib2 are partially redundant and that
their simultaneous inactivation phenocopies mibm132 and
mibta52b.
Mibm132 and Mibta52b act dominant-negatively
To test directly whether Mibm132 and Mibta52b function
dominant-negatively, we injected mibm132 or mibta52b mRNA
into embryos and checked their phenotypes. In the embryos
injected with mibm132 or mibta52b mRNA, we observed typical
mib phenotypes: abnormal somites, tail curvature, less tail
pigment, huC up-regulation, and her4 down-regulation (Fig. 5,
Table 3). These data directly proved that Mibm132 and Mibta52b
function dominant-negatively on Notch activation. Moreover,
three conclusions can be drawn. First, mibm132 mRNA has a
higher, slightly but significantly, dominant-negative efficacy
than that of mibta52b. Second, the phenotypic penetrance and
severity are significantly higher in the embryos derived from
incrosses of heterozygous mibtfi91 carriers than those from wt
counterparts, implying that the effect is dosage-dependent.
Third, some phenotypes are more susceptible to this dominant-
negative effect, e.g. tail curvature (Table 3).
Notch signaling negatively regulates mib expression via Su(H)
Overexpression experiments shown above indicate that
Mibm132 is more potent than Mibta52b in inactivating Notch
signaling. However, the phenotypic analyses in mutants point to
the opposite. What is the cause? mib activates Notch signaling
(Itoh et al., 2003 and Figs. 1, 2, and 4Ab). We reasoned that
several genes that regulate Notch signaling are also themselves
regulated by the Notch pathway (e.g. Lamar et al., 2001). Is this
true for mib?
We detected a significant up-regulation of mib expression in
Gr I (mibta52b), II, and III mutants, but not in mibm132 and
mibtfi91 mutants (Fig. 6A, Supplementary Fig. 3). The increment
is obvious in the brain regions and posterior neural tube
(compare Figs. 6Aa′–a″ with Ab′–b″). We suspected that the
mib up-regulation may be due to a failure of negative
transcriptional regulation of Notch signaling on mib expression.
To test, we blocked Notch signaling by su(h)-MO injectionFig. 6. mib expression is negatively regulated by Su(H)-dependent Notch activation.
inserts show themib expression in (a′–b′) the brain region, dorsal view and (a″–b″) a
and (b–b′) su(h)-m7-injected embryos at 22hpf; (a–b) head region, dorsal view; (a′–
injected embryos at 22hpf, lateral view. The inserts show the mib expression in the (c
trunk. (C) her4 expression in (a–a′) control wt, (b–b′) DAPT-treated and (c–c′) X-Su(H
trunk region, lateral view. mib expression in (d–d′) control wt, (e–e′) DAPT-treated, a
region, dorsal view; (d′–e′) trunk and tail region, lateral view. (D) Coexpression of mi
are dorsal view; (d) and (f–h) are lateral view. Note that ngn1 and dbx1a are coexpre(Sieger et al., 2003). We realized that the su(h)-MO used in
Sieger et al. can knock down at least two known su(h)'s in
zebrafish, su(h)A and su(h)B, simultaneously, since these two
genes have identical sequence around Met-1 ATG (Sieger et al.,
2003; AY332617 and AY332618, X. Q. and Y.-J. J., un-
published data). her4 expression was decreased to a level
similar to that of Gr I, II, and III mutants in su(h)-MO-injected
wt embryos (95.8%, n=92/96, Figs. 6Bb–b′). Likewise, mib
expression level was increased (97.4%, n=113/116, Figs.
6Bd–d″).
To further prove the negative regulation of Notch activity on
mib expression, wt embryos were treated with 100 μM DAPT
(γ-secretase inhibitor, Geling et al., 2002) to diminish Notch
activity or injected with 100 pg X-Su(H)/Ank mRNA to
augment Notch activity (Wettstein et al., 1997). Expression of
Notch target gene, her4, was checked as a control. While 81.3%
(26/32) DAPT-treated and 94.4% (51/54) X-Su(H)/Ank mRNA-
injected embryos exhibited decreased or increased her4
expression, respectively (Figs. 6Ca–c′); 72.6% (45/62)
DAPT-treated and 65.5% (42/64) X-Su(H)/Ank mRNA-injected
embryos showed up-regulated or down-regulated mib expres-
sion, respectively (Figs. 6Cd–f). The mib up-regulation in
DAPT-treated embryos was throughout the embryos (Figs.
6Ce–e′), but the down-regulation in the X-Su(H)/Ank mRNA-
injected embryos was only obvious in the brain region (Fig. 6Cf
and data not shown).
It was already known that ngn1 and dbx1a are expressed in
different subpopulations of hindbrain differentiating neurons,
where the Notch activity is low (Blader et al., 1997; Fjose et al.,
1994). As expected, we observed coexpression of mib and ngn1
or dbx1a in the hindbrain differentiating neurons, indicating
that mib expression is negatively regulated by Notch signaling
(Fig. 6D). In summary, these data demonstrate that Notch
signaling exploits a negative feedback loop in modulating mib
expression.
Notably, while almost all (95.8%, n=46/48) su(h)-MO-
injected embryos derived from incrosses of heterozygous mib-
carriers showed a decreased her4 expression level, of which,
69.6% (n=32/46) were similar to the su(h)-MO-injected wt
embryos and 30.4% (n=14/46) had an even lower expression
level similar to that ofmibta52bmutants; only 78.2% (n=136/174)
of injected embryos showed an up-regulatedmib expression. This
observation suggests that endogenousmibm132mRNA is unstable
during mRNA maturation, probably via a nonsense-mediated
mRNA decay (NMD) mechanism. Indeed, the premature
termination codon (PTC) found in mibm132 mRNA is consistent
with the rule for defining PTCs that elicit NMD (Maquat, 2004). It
is very likely that there is more Mibta52b than Mibm132 in the(A) mib expression in (a) wt and (b) mibta52b embryos at 22hpf, lateral view. The
transverse section across posterior trunk. (B) her4 expression in (a–a′) control wt
b′) trunk region, lateral view. mib expression in (c) control wt and (d) su(h)-m7-
′–d′) head region, dorsal view and (c″–d″) a transverse section across posterior
)/AnkmRNA-injected embryos at 22hpf; (a–c) head region, dorsal view; (a′–c′)
nd (f) X-Su(H)/AnkmRNA-injected embryos at 22hpf; (d–f) mid- and hindbrain
b with ngn1 or dbx1a in hindbrain differentiating neurons at 42hpf. (a–c) and (e)
ssed with mib in different subpopulations of neurons.
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can explain the more severe phenotypes observed in mibta52b
mutants than in mibm132 mutants.
Discussion
It is of notice that mib MO-injection causes no detectable
alteration of somite and curvature phenotypes. There is
evidence that different tissues show different sensitivity to
Notch activity (Huppert et al., 2005; Jülich et al., 2005). Also, in
a mib null allele (mibtfi91), the somite segmentation is only
mildly affected. This could explain why the mib-MO-injected
wt embryos show no somite phenotype. Furthermore, mib
mRNA is maternally inherited (Itoh et al., 2003), and so may be
the Mib protein. In mibta52b mutants, mib-MO is unlikely to
inactivate the maternally inherited Mibta52b protein, if any,
which may be adequate to cause the somite phenotype. Because
MO may not last long enough to block the protein translation at
later stages, curly-up tail phenotype was not observed in the
mib-MO-injected wt embryos.
Also noted is thatmibtfi91 somite and tail pigment phenotypes
are cold-sensitive. It has been reported that the internalization of
membrane protein is compromised at lower temperature, as
reported for transferrin (Harder et al., 1998). The ubiquitylation
and endocytosis of Delta ligand by Mib and Mib2 are essential
for the Notch activation (Itoh et al., 2003; Koo et al., 2005).
Presumably, the only functional Mib homolog in mibtfi91
embryos, Mib2, becomes a limiting factor, when the embryos
are cultured at 22 °C.
Mib2 and Mib function redundantly
In the present study, we have cloned zebrafishmib2 ortholog.
Evidence from several aspects suggests that Mib and Mib2
function redundantly. Structurally, both proteins have typical
structure domains of Mib family protein. Developmentally, both
mib and mib2 are maternally inherited and ubiquitously
expressed at early embryogenesis. Functionally, both interact
with and ubiquitylate Delta and hence lead to its endocytosis in
Notch signaling (Itoh et al., 2003; Koo et al., 2005; Zhang et al.,
2007). We also observed that Mib and Mib2 are largely
colocalized in the vesicles of COS7 cells. Furthermore,
injection of mib and mib2 mRNA into mibta52b mutants
partially rescues its phenotypes and injection of mib-MO or
mib2-MO into wt embryos gives rise to a comparable
phenotype. The possibility that there are some intrinsic
differences between Mib and Mib2 cannot be ruled out, since
phenotypes of mib2 morphants are less severe than those of mib
morphants and mib2-MO-injected mibtfi91 cannot fully pheno-
copy mibta52b.
Mibm132 and Mibta52b are dominant-negative forms
There are examples of E3 ligases that act dominant-
negatively, when their E3 ligase activity is inactivated by
missense or deletion mutations (Kumar et al., 1999; Deblandre
et al., 2001; Hu and Fearon, 1999; Bisson et al., 2002). Theaberrant E3 ligases bind their homologs or substrates, thereby
antagonizing E3 ligase activity of their homologs or stabilizing
their substrates from proteasome-dependent degradation. Sev-
eral lines of evidence suggest that Mibm132 and Mibta52b are
dominant-negative forms on Mib2 with dosage-dependent
effect. First, phenotypes of mibm132 (though not always) and
mibta52b mutants are more severe than those of mibtfi91 mutant,
a null allele. Second, mib-MO injection rescues mibm132 and
mibta52b mutants to a mibtfi91-like phenotype. Third, mib2-MO-
injected mibtfi91 mutants phenocopy mibm132 and mibta52b
mutants. Fourth, injection of mibm132 and mibta52b mRNA into
wt embryos phenocopies mib mutants and, furthermore, into
embryos from heterozygous mibtfi91 incrosses incurs more
severe phenotypes with higher penetrance. Fifth, Mib and Mib2
can form homo- and hetero-oligomers (Zhang et al., 2007).
Finally, it was demonstrated that Mibta52b and Mibm132 block
Mib2 function in DeltaC ubiquitylation and internalization
probably via oligomerization (Zhang et al., 2007).
Our data suggest that dominant-negative Mibs can antag-
onize Mib2. However, it is unlikely that Mib2 is the only protein
to be interfered with. First, the mib2-MO-injected mibtfi91
mutants cannot completely phenocopy mibta52b mutants;
second, it has been shown that DeltaD and Xdelta1 are
substrates of zebrafish Mib (Itoh et al., 2003) and that DAPK
is a substrate of mouse Mib (Jin et al., 2002); and third, with a
yeast two-hybrid screen, mutant analysis, and candidate gene
approach, we found that Mib binds several Notch components,
including Serrate/Jagged proteins, and proteins involved in
endocytosis and the ubiquitin–proteasome pathway (Ma and
Jiang, 2007; Jason Kin Wai Koo, Haoying Xu, C. Z. and Y.-J. J.,
unpublished data).
The likely human ortholog of mib2 is located in the critical
region of putative tumor suppressor genes for malignant
melanoma on chromosome 1p, and, indeed, aberrance in
Mib2-dependent ubiquitin ligation contributes to cancer inva-
sion (Takeuchi et al., 2003, 2006). With our finding of the
dominant-negative Mibta52b, whose mutant has an obvious
melanophore phenotype (Fig. 1Bb), it is possible that a similar
mechanism is adopted for the melanoma etiology.
How Mib and Mib2 modulate Notch signaling?
The endocytosis of both DSL ligands and Notch receptor is
essential for Notch signaling (reviewed in Le Borgne et al.,
2005a). Neuralized and Mib complementarily function in
regulating Delta and Serrate endocytosis but they have distinct
roles in Drosophila (Chen and Corliss, 2004; Deblandre et al.,
2001; Itoh et al., 2003; Lai et al., 2001, 2005; Le Borgne et al.,
2005b; Pavlopoulos et al., 2001). Mouse Mib2 and humanMib2
ortholog, Skeletrophin, are E3 ligases targeting Delta and
Jagged, respectively (Koo et al., 2005; Takeuchi et al., 2005). In
our study, it was observed that zebrafish Mib and Mib2 are
largely colocalized in COS7 cells. It was also shown that Mib
and Mib2 can be mutual E3 ligases and substrates (Zhang et al.,
2007). In addition to being the molecular basis of antimorphic
mib phenotypes, this also raises an interesting possibility that
their activity and/or abundance are vigorously auto- and cross-
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Mdmx (Sharp et al., 1999; Stad et al., 2001); BRCA1 tumor
suppressor and its binding partner, BARD1(Hashizume et al.,
2001). This regulation might have important role in fine-tuning
the Notch activity.
It was already known that Mib activates Notch signaling
cell non-autonomously via Delta internalization (Itoh et al.,
2003) and our study further showed that Notch probably
inhibits mib expression autonomously via Su(H) (Fig. 6).
These data suggest that the feedback loop modulation on mib
is intercellular, which is fundamentally different from the
intracellular feedback loop found in zebrafish Her1/Her7,
mouse Hes7, and chick Lfng (Holley et al., 2002; Oates and
Ho, 2002; Bessho et al., 2001; Dale et al., 2003).
Interestingly, the mib feedback loop seems to be spatially
restricted depending on how Notch signaling is compromised.
The Notch activity is severely compromised throughout the
mibta52b and su(h) MO-injected embryos (indicated by de-
creased expression level of a Notch target gene, her4).
However, the up-regulation of mib is obvious in the brain
regions and posterior neural tube, but less so in other regions,
e.g. paraxial mesoderm. While in DAPT-treated embryos, mib
expression was up-regulated throughout, in X-Su(H)/Ank
mRNA-injected embryos, mib expression was only down-
regulated in the brain.
At least there are two other identified Notch–Delta
regulatory loops involved in lateral inhibition within equiva-
lence groups. The first operates through E(spl) complex, which
transcriptionally inhibits proneural genes expression with other
factors and in turn reduces Delta expression (Heitzler et al.,
1996; Gigliani et al., 1996; Culi and Modolell, 1998). The
second works through the Beard family members, which
physically interferes with the interaction between Delta and
Neuralized and hence blocks Delta endocytosis and Notch
activation (Bardin and Schweisguth, 2006). In both cases,
Notch activity up-regulates E(spl) (Enhancer of split) complex
and/or Beard family members in a Su(H)-dependent manner
(Castro et al., 2005). In the present study, we have identified a
third loop: Mib activates Notch signaling; the latter in turn
represses mib expression via Su(H). One apparent candidate
repressing mib expression is the Notch downstream target, Her
transcriptional repressors. There is, however, no obvious mib
up-regulation in single her1-MO-, her4-MO-, her6-MO- and
her7-MO- or double her1, her7-MO- and her4, her6-MO-
injected embryos, implicating that the negative feedback loop is
Her-independent with a caveat of redundancy (data not shown).
Equally possible, her genes may not be completely knocked
down due to the negative feedback auto-regulation on the
transcription by their own proteins (Bessho et al., 2003). The
exact mechanism of how Notch activity negatively regulates
mib expression and the significance of this negative feedback
loop warrant further investigation.
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